abstract: Plant recruitment in nature exhibits several distinctive patterns ranging from hump shaped to monotonically decreasing with distance from the seed source. We investigate the role of postdispersal seed predation in shaping these patterns, introducing a new mechanistic model that explicitly accounts for the movement strategy used by seed eaters. The model consists of two partial differential equations describing the spatiotemporal dynamics of both seed and predator densities. The movement strategy is defined by how predators move in response to the different cues they can use to search for seeds. These cues may be seed density, seed intake, distance from the plant, density of conspecific foragers, or a mixture of these four. The model is able to reproduce all the basic plant recruitment patterns found in the field. We compare the results to those of the ideal free distribution (IFD) theory and show that hump-shaped plant recruitment patterns cannot be generated by IFD predators and, in general, by foragers that respond exclusively to seed density. These foragers can produce only nonincreasing patterns, the shapes of which are determined by the foragers' navigation capacities. In contrast, hump-shaped patterns can be produced by distance-responsive predators or by foragers that use conspecifics as a cue for seed abundance.
Spatial patterns of plant recruitment are the result of fecundity, seed dispersal, and successive establishment processes (Howe and Smallwood 1982; Schupp and Fuentes 1995; Nathan and Muller-Landau 2000; Levin et al. 2003) . Investigating the key processes underlying the emergence of these spatial patterns is important for understanding their causes and consequences at multiple levels of organization. Janzen (1970) and Connell (1971) pioneered this multilevel investigation and proposed the key role of spatial patterns of recruitment for the maintenance of high species richness in tropical forests and coral reefs. They hypothesized that the attraction of seed predators or seedling herbivores to the proximity of the propagule source generates spacing among conspecifics, thus permitting recruitment of other species and promoting coexistence.
The extensive research stimulated by these ideas has extended below the community level, exploring, for example, the consequences for population structure and spread Moorcroft et al. 2006) , as well as the evolutionary causes at the individual level (Howe and Smallwood 1982) . The key to understanding these multilevel phenomena is the analysis of basic plant-animal interactions, such as seed dispersal by animals, pre-and postdispersal seed predation by granivores, and seedling herbivory. The aim is to find the relationships between the physiological and behavioral characteristics of the consumers (which may affect their performances in detecting and depleting food resources) and the resulting spatial patterns of the plants on which they feed.
Although great attention has been devoted to the analysis of postdispersal seed predation in the field, a formal theory for space-dependent seed predation is still missing. To our knowledge, only two recent works (Nathan and Casagrandi 2004; Adler and Muller-Landau 2005) have used mathematical models to investigate the problem. Fol-lowing the approach of Janzen (1970) , Nathan and Casagrandi (2004) assumed that predators respond to distance from the source and are displaced around it according to an exponentially decreasing function of distance. Their main finding is that distance-dependent predation alone is sufficient to generate all the different recruitment patterns found in nature. They also predicted several possible links between animal characteristics and plant recruitment patterns, most of which have been supported recently by a field study on harvester ants (Avgar et al. 2008) . Instead, Adler and Muller-Landau (2005) focused on the effects of postdispersal seed predation on local biodiversity. Using a spatially explicit, individualbased model, they showed that the mean distances traveled by both seeds and predators are crucial to maintaining high species richness. The abundance of predators was dynamically linked to the density of adult trees, but the spatial distribution of predators was assumed to be fixed (with a negative exponential shape, as in Nathan and Casagrandi 2004) .
Therefore, neither of the two models mentioned above explicitly incorporated predators' movements and the different movement strategies that foragers can adopt. The literature has considered the problem of consumers that can move from one location to another in response to different environmental cues (Kacelnik et al. 1992; Holmes et al. 1994; Sutherland et al. 2002; Dwyer and Morris 2006) , but seed predation has received scant attention. For this case, the most cited cues are differences in seed density and distance from the seed source, although their relative influences on predators' activities is highly debated (density-dependent vs. distance-dependent seed predation ; Janzen 1970; Hubbell 1980 ).
Here we offer improvement on the existing theory by abandoning the assumption that there is a predefined, time-invariant distribution of seed predators around the seed source. In the proposed model, the predator distribution can vary in time and space depending on the different movement strategies adopted by seed consumers. The predator-prey system is governed by two partial differential equations (PDEs): the first one is the Nathan and Casagrandi (2004) model, which describes spatiotemporal variations in the seed density; the second one describes the predator distribution and includes both random movement (represented by a diffusion term) and oriented movement (which is defined by the foraging strategy). To the best of our knowledge, the possible links between plant recruitment patterns and foraging strategies used by seed consumers have not yet been formally investigated.
This article is organized as follows. In "Plant Recruitment and Predation Patterns," we describe various plant recruitment patterns found in nature and provide an overview of the underlying seed predation mechanisms. Then, in "The Model," we introduce a new, spatially explicit model that couples the spatiotemporal dynamics of the food resources (dispersed seeds) with the spatiotemporal dynamics of seed predators. The model is used to investigate which plant recruitment patterns can be generated by predators adopting various movement strategies. Finally, we discuss the ecological implications of such behavioral characteristics of predators and suggest future directions of research.
Plant Recruitment and Predation Patterns
As spatial patterns of plant recruitment can be reshaped by postdispersal seed predation processes, different movement strategies are expected to produce different patterns of recruitment. Before formalizing a model to test this hypothesis, we provide an introduction to the variability of recruitment patterns found in nature and to the mechanisms that drive seed predation.
The Variability of Natural Plant Recruitment Patterns
Spatial patterns of plant recruitment vary enormously in nature, although they arise from patterns of seed dispersal that generally decline with distance from the plant (Willson 1993; Nathan and Muller-Landau 2000) . One plausible reason for this discrepancy is the spatial variability of seed survival to predation. Specifically, different seed survival patterns can yield five qualitatively different recruitment types (McCanny 1985; Nathan and Casagrandi 2004) . A thorough review of the literature (table 1) reveals empirical evidence for each of them. Note that the identification of recruitment patterns is neither simple nor univocal. In fact, the term "recruitment pattern" refers to a particular combination of dispersal, survivorship, and establishment curves rather than to the pattern described by the establishment (or seed survival) curve alone (Nathan and Casagrandi 2004) .
The most cited pattern in the literature is the JanzenConnell (J-C) pattern (Janzen 1970; Connell 1971) , which is characterized by a peak of established recruits at some distance from the seed source and by a monotonic increase in seed survival that is steeper than the decrease in seed dispersal ( fig. 1A ). This pattern was hypothesized to be driven by seed predators attracted to the seed source. This mechanism has been proposed as a plausible spacing mechanism capable of maintaining the high tree species diversity found in tropical forests (Janzen 1970) . The J-C recruitment pattern has received only partial empirical support from studies focusing on single species (as reviewed in Hammond and Brown 1998; Wright 2002; Hyatt et al. 2003) , but it has received strong support from anal- Evidence for the Janzen-Connell recruitment pattern Hubbell 1979; Augspurger 1983a Augspurger , 1983b Augspurger , 1984 De Steven and Putz 1984; Itoh et al. 1997; Okuda et al. 1997; Barot et al. 1999; Packer and Clay 2000; Wenny 2000; Gilbert et al. 2001; Wyatt and Silman 2004; Norghauer et al. 2006; Avgar et al. 2008 Partial support for the Janzen-Connell model (but either recruitment or survival has not been explicitly analyzed or reported) Janzen 1971a Janzen , 1972 Wilson and Janzen 1972; Howe and Primack 1975; Janzen et al. 1976; Denslow 1980; Clark and Clark 1984; Connell et al. 1984; Howe et al. 1985; Ramirez and Arroyo 1987; Hubbell et al. 1990; Traveset 1990; Condit et al. 1992; Forget 1994; Forget et al. 1994; Gilbert and De Steven 1996; Wills et al. 1997; Barone 2000; Grau 2000; Harms et al. 2000 Evidence for the exact-compensation recruitment pattern Hubbell 1979; Itoh et al. 1997; Barot et al. 1999 Evidence for the Hubbell recruitment pattern Hubbell 1979; Wright 1983; McCanny and Cavers 1987; Forget 1992; Howe 1993; Okuda et al. 1997; Packer and Guittet and Laberche 1974; Fleming and Heithaus 1981; McCanny and Cavers 1987; Augspurger and Kitajima 1992; Condit et al. 1992; Notman et al. 1996 ; Takeuchi and Nakashizuka 2007 Rejection of the Janzen-Connell model (but reported data are insufficient to provide evidence for alternative patterns) Sork 1987; Schupp 1988; Forget 1989 Forget , 1993 Kitajima and Augspurger 1989; Hubbell et al. 1990; Burkey 1994; Terborgh and Wright 1994; Hart 1995 Note: Differences among patterns are described in the text.
yses of extensive plot data sets (Wills et al. 1997 (Wills et al. , 2006 Harms et al. 2000) . It must be remarked that there is an additional complication in finding evidence for the J-C pattern in the empirical literature. In fact, some studies (Augspurger 1983a; Clark and Clark 1984; Condit et al. 1992; Burkey 1994 ) report hump-shaped seed or seedling establishment patterns that may be not due to distance-or densitydependent predation but to the fact that the spatial arrangement of recruits around the parent plant has been evaluated as a radial distribution of seed numbers (rather than densities). This procedure can result in hump-shaped establishment patterns that are due to the geometry of seed dispersal (see again Augspurger 1983a; Burkey 1994) . Therefore, hump-shaped establishment patterns of this kind cannot provide evidence for the J-C mechanism in the absence of further information.
The J-C pattern is not the only possible outcome of distance-dependent dispersal and postdispersal predation. In fact, these processes can also generate monotonically decreasing establishment curves if seed survival increases with distance at a lower rate than dispersal (Hubbell 1980) or declines with distance (McCanny 1985) . The two resulting recruitment patterns have been termed, respectively, the Hubbell (H; fig. 1B ) and the McCanny (McC; fig. 1C ) patterns. The latter pattern in particular indicates predator satiation (Janzen 1971b (Janzen , 1976 as hypothesized by Nathan and Casagrandi (2004; see also Takeuchi and Nakashizuka 2007) . Intermediate between the J-C and the H patterns and the H and the McC patterns are two additional recruitment patterns named, respectively, exact compensation (EC) and invariant survival (IS). The EC pattern corresponds to seed survival increasing with distance at the same rate as the decrease of dispersal so that the plant recruitment is constant over space. The IS pattern is characterized by space-invariant seed survival.
Seed Predation Mechanisms and the Ideal Free Distribution Theory
Spatial patterns of seed survival to predation depend on the movement and consumption traits of granivores, which can be classified into those facilitating seed detection and intake (e.g., motion and navigation capacity) or constraining it (e.g., handling time and restricted home range). The ideal free distribution (IFD) theory (Fretwell and Lucas 1969) may help in defining the baseline model for the behavior of seed predators. According to the IFD theory, the resource is distributed in a set of discrete patches, while consumers are birds with no movement limitations, with complete information about the local distribution of the resources they feed on, perfect control of their own movement, and neither interference nor facilitation from conspecifics, competitors, or predators. Under these assumptions, IFD consumers should reach a distribution that perfectly matches the availability of their resources so that the per capita consumption rate is equalized over space. In other words, the consumers move among patches until the resource density in each location becomes equal. Therefore, IFD foragers are expected to generate the EC plant recruitment pattern.
Deviations from the IFD theory are the rule rather than the exception (Utne et al. 1993; Bautista et al. 1995; Cartar and Abrahams 1997; Hugie and Grand 1998; Shochat et al. 2002) . In general, predators can deviate from the basic assumptions of the IFD model because of interference from conspecific foragers (Sutherland 1983) , perceptual constraints (Abrahams 1986; Gray and Kennedy 1994) , spatiotemporal variability of resources (Hakoyama 2003) , and/or random motion (Jackson et al. 2004) . Seed predators in particular can orient their movement using cues other than local resource abundance or intake rate; for instance, they can use distance from the seed source (Janzen 1970; Fragoso 1997) or conspecific density (Beauchamp et al. 1997; Koops and Abrahams 2003; Flaxman and Reeve 2006) . Such deviations from the IFD can therefore give rise to either resource overmatching or undermatching and, in turn, to patterns that are different from the EC (thus, the small number of references supporting EC in table 1 is not surprising). Specifically, the J-C pattern is generated by resource overmatching near the seed source (Freckleton and Lewis 2006) and by resource undermatching farther away. The McC pattern, on the other hand, is generated by opposing trends, that is, resource undermatching near the seed source and resource overmatching farther away (Nathan and Casagrandi 2004) .
In this article we consider several types of deviations from the original IFD theory, all of which arise in the context of postdispersal seed predation. The most important deviation is the spatially explicit structure of the landscape, with a single plant acting as a seed source for the patches. Therefore, different spatial locations are characterized by different "carrying capacities" of seeds (sensu Fretwell and Lucas 1969) . Consequently, the distance from the plant itself may be an important decision variable for predator movements, as it signals the potential availability of the resource. For instance, in the absence of other predators, a solitary forager should expect to find higher resource abundances closer to the source (e.g., Fragoso 1997) . Although the actual seed density at a given location represents local information about resource abundance, the distance of a particular location from the seed source can serve as a cue for high resource densities that drive the movement of so-called distance-responsive seed predators (Janzen 1970 (Janzen , 1971a (Janzen , 1972 Barone 2000; Wilson and Traveset 2000; Wyatt and Silman 2004) . Also, the plant may represent an attraction for seed consumers independent of its role as a seed source, for instance, because it corresponds to the forager's central place of activity or provides shelter against predation (central-place foraging; e.g., Stephens and Krebs 1986) .
Furthermore, we consider predators that are limited in movement and are thus characterized by finite movement speed. Also, we assume that a predator's movement is at least partially random. This seemingly marginal assumption could have nontrivial effects: on the one hand, diffusive movements have the potential to break the aggregation of seed predators in patches of high seed density, thus delaying patch depletion; on the other hand, partial randomness can interrupt sequences of highly correlated steps toward high-density patches, thus delaying patch detection.
As a final deviation from the IFD, we consider that seed predators can be sensitive to the density of conspecifics (Beauchamp et al. 1997; Koops and Abrahams 2003; Flaxman and Reeve 2006) . In this way, we relax the basic assumption of no interaction among individuals that characterizes the IFD theory. Social foraging is a common strategy in many species that use spatially and temporally variable resources (e.g., Clode 1993), while interactions among predators can play an important role in the process of seed predation (Thompson et al. 1991; Serrano et al. 2001; Avgar et al. 2008) . In some cases, the presence of conspecifics acting as seed predators in a given location may suggest that more food items can be found in less crowded locations (the local inhibition effect; see Goulson et al. 1998; Slaa et al. 2003) . In other cases, it may indicate that an abundance of resources is locally available (the socalled local enhancement effect; see Turner 1964; Pöysä 1992; Buckley 1997; Slaa et al. 2003) . Social foraging can also be used by predators to efficiently forage over large areas (Hancock et al. 2006) or to handle large food items (as in some species of ants; Hölldobler and Wilson 1990 ). Moreover, congregation (i.e., the attraction to conspecifics; see Beauchamp et al. 1997; Turchin 1998) can have causes other than foraging, such as mating and reduction of predation risk (Turchin and Kareiva 1989) . Indeed, both positive and negative interactions among conspecific foragers represent deviations from the IFD theory (Beauchamp et al. 1997; Koops and Abrahams 2003; Flaxman and Reeve 2006) .
The Model
Many spatially explicit PDE models for predator-prey dynamics have been proposed in the literature (as reviewed in Turchin 1998; Murray 2004) . Simple advection-diffusion models (Skellam 1951; Patlak 1953 ) have often been used as reference models (see Okubo 1980; Okubo and Levin 2001 ), but they do not suffice with regard to the problem at hand. As we aim to explicitly link predators' movement strategies and plant recruitment patterns, we will consider that foragers can move following local cues that guide them in assessing the surrounding environment. In fact, a plethora of empirical evidence (Armsworth and Roughgarden 2005 and references therein) shows that oriented movements of predators can profoundly affect the resulting spatial patterns of abundances in the ecosystem.
In the biological literature, the movement of an organism in response to some external stimulus is generically termed "taxis" and is more specifically qualified as chemotaxis (Berg 1993) , preytaxis (Kareiva and Odell 1987) , or infotaxis (Vergassola et al. 2007 ) depending on the cues that are used (chemical concentrations, resource availability, or information, respectively). The few existing models accounting for taxis in consumer-resource problems involving complex organisms use space-dependent reproductive fitness of consumers as the principal factor influencing their local movements but do not explicitly model the environmental cues used for navigation (see, e.g., Ruxton and Rohani 1999; Armsworth and Roughgarden 2005) . Interesting exceptions are the works by Grünbaum (1999) , who defined a "response functional" used by predators as a proxy for environmental cues guiding them toward more favorable locations; by Farnsworth and Anderson (2001) , who proposed a taxis-diffusion model for grazing that accounted for density-responsive predators; and by Cosner (2005) , who derived a PDE model from which to discuss the mathematical basis of the IFD theory.
In this study, we assume that foragers can evaluate the quality of the surrounding landscape on the basis of the following information: (i) the local abundance of seeds or their current seed intake rate, (ii) the distance of their current location from the seed source, and (iii) the local density of their conspecifics. We aim to contrast IFD predators with non-IFD predators and, in particular, to test which information is key to obtaining qualitatively different recruitment patterns, that is, constant (EC), monotonically decreasing (H, IS, or McC), or hump-shaped (J-C) establishment patterns.
We limit our attention here to the simple single-sourcesingle-predator case. Most real situations are certainly expected to be much more complex, being characterized by the presence of multiple seed sources with overlapping seed shadows, a mix of seeds from different species, and several species of both specialist and generalist seed predators. Nevertheless, despite its simplicity, our model is sufficient to describe real situations, such as desert ecosystems, which are usually characterized by the presence of sparse shrubs and a few taxa of specialized seed predators (e.g., Wilby and Shachak 2004) . Furthermore, even in the highly diversified tropical forests, reproductive adult plants may be very rare and can thus be considered to be isolated seed sources (e.g., Muller-Landau et al. 2002) . We consider a one-dimensional (1D) space because this allows us to derive analytical results concerning the patterns resulting from different movement strategies. However, the model can be easily extended to a two-dimensional (2D) space. In this case, the results can be obtained mainly through numerical techniques (L. Mari, R. Casagrandi, and M. Gatto, unpublished manuscript) but do not qualitatively differ from those in 1D.
Model Equations
Let S (x, t) and N(x, t) indicate seed and predator densities, that is, the numbers of seeds or animals per unit area at location x and time t. The location corresponds to x p 0 the seed source. Because everything is symmetric, we consider only positive values of x (distances from the parent plant). The basic equation for the spatiotemporal variation of seed density is identical to the 1D version of the Nathan and Casagrandi (2004) model, that is,
Ѩt where F(x) represents the net flux of seeds at a distance from the source x (the seed dispersal kernel; Willson 1993), m is the seed mortality rate due to all causes other than predation, and w(S) is the predators' functional response (Holling 1959) . The mortality rate m is kept constant here; that is, natural mortality is considered to be spatially homogeneous. This hypothesis is neither a priori valid nor necessary, but we use it to avoid potential confounding effects. In fact, higher natural mortality in the proximity of the seed source (due, for instance, to plant-soil negative feedbacks; Mazzoleni et al. 2007; Bonanomi et al. 2008) can surely influence seed establishment patterns. We make no specific assumptions on the functional forms of F(x) and w(S) except for requiring that some obvious biological constraints be satisfied. Specifically, we assume that the dispersal kernel F(x) does not increase with distance from the source and vanishes for very large values of x, while the predators' intake rate w(S) is assumed to be vanishing at , nondecreasing in S, and possibly, but not nec-S p 0 essarily, saturating at high seed densities. We also remark that the seeds that remain on the ground at the end of the dispersal and predation season represent only potential recruits because there might be mechanisms other than seed predation and natural mortality (possibly occurring after postdispersal seed predation has taken place) that could modify the density and distribution of seeds or seedlings (see the relevant discussion in Nathan and Casagrandi 2004) .
As for predator density, we derive the dynamical equation that describes the movements of predators combining random search for seeds (diffusion) and directional attraction toward adjacent locations with high environmental quality (nonlinear advection). The resulting equation, the derivation of which is simple and can be found, for instance, in Cosner (2005) , is
[ ]
where J(x, t) represents the net flux of predators at location x and time t and and d are the taxis and the pure diffusion coefficients, respectively. The function f (x, t), termed here as "habitat suitability" as in Fretwell and Lucas (1969) , is an indicator of the attractiveness of location x at time t.
We express the habitat suitability function (an adimensional variable) in general terms as (x, S(x, t) , N(x, t) ).
According to the basic idea of the IFD theory elaborated on by Fretwell and Lucas (1969) and of the predators' aggregational response proposed by Hassell and May (1974) , locations with high resource densities are, of course, attractive to seed predators. Therefore, without loss of generality, we can assume that F does not decrease with increasing values of seed density, that is, that . ѨF/ѨS ≥ 0 As for the dependence of F on distance, it must be remarked that the plant may be seen as a seed source and/ or a focal activity place (e.g., because predators nest in the proximity of the plant). In the first case, distance can serve as a cue for high resource densities (distance-dependent predation; e.g., Janzen 1970). In the second case (centralplace foraging; e.g., Stephens and Krebs 1986) , locations close to the plant are preferred, for instance, because they are "less expensive" than those farther away from an energy expenditure viewpoint. The fact that distance from the focal place should be considered in models aimed at estimating the foraging ranges of central-place consumers has been clearly pointed out in previous studies, such as those of Rosenberg and McKelvey (1999) and Nemeth et al. (2005) . Without loss of generality, however, we can expect that ceteris paribus locations farther from the seed source cannot be more attractive than the closer ones, and we can safely assume that F does not increase with distance from the source, that is, that . ѨF/Ѩx ≤ 0 The function F can also depend on N. In fact, the presence of conspecific predators can be an important cue for resource availability (local enhancement; Turner 1964) . Cooperation with conspecifics can be used by invertebrates (e.g., Slaa et al. 2003) and by vertebrates (Pöysä 1992; Buckley 1997) to efficiently forage over space. On the other hand, it has sometimes been reported that predators tend to avoid conspecifics (local inhibition; e.g., Goulson et al. 1998; Slaa et al. 2003) . Therefore, F can be either nondecreasing with respect to the local density of foragers ( ) if there is enhancement or decreasing
The taxis coefficient relates the gradient of the habitat suitability f(x, t) to the corresponding movement speed of individuals (Segel 1977) . The diffusion coefficient d describes the magnitude of the random movement of predators (according to an uncorrelated random walk ; Turchin 1998; Okubo and Levin 2001) . Because the habitat suitability f is dimensionless, both and d are measured as areas per unit time and, therefore, the ratio is also /d dimensionless. It represents a measure of the predators' navigation capacity (sensu Nathan et al. 2008) , namely, the ability to move toward targeted cues as opposed to random movement. We note that navigation capacity is by far the less explored component of animal movement in both empirical and theoretical studies .
Equation (2) does not account for the demography of predators but describes only their movement. In fact, we assume that, during the period of seed availability, the predators do not reproduce and do not suffer from any mortality. Therefore, we have , where b is ϱ N(x, t)dx p b
∫0
the total number of predators over positive values of x. Of course, this would not be true if the predator generation length were comparable to the length of the seed release period.
Calculating Plant Recruitment Patterns
Seed survival and establishment patterns can be obtained as stable stationary solutions (temporal steady states) of our PDE model (eqq.
[1], [2] ). This is correct, provided that recruitment patterns are observed after a sufficiently long time following the release of seeds from the parent plant. To find the stationary solutions, we have to nullify the time derivative in equations (1) and (2) S(x) N(x) (1) and (2) can be found as solutions of the following system:
By substituting the first of equation (3) into the second and by suitably differentiating, the above system reduces to a single first-order ordinary differential equation in space for . This equation has an infinite number of S(x) solutions, among which we will identify the one satisfying the constraint on the total number of predators . ϱ N(x)dx p b
∫0
Our main goal is to determine which ecological conditions determine different establishment patterns : S(x) constant (EC), hump shaped (J-C), or monotonically decreasing (H, IS, or McC). We identify the transition between these families of patterns by looking at the sign of the derivative of the seed establishment curve at the seed source. In particular, the EC pattern is conceptually identified by (numerically we consider
, with x being a suitably small positive ѨS(x)/ѨxF ≤ x xp0 number), whereas the J-C pattern is characterized by an increasing establishment curve near the seed source, that is, (numerically, ) and the
H, IS, or McC pattern by a decreasing establishment curve, that is, . The discrimination among the H, ѨS(x)/ѨxF ! 0 xp0 IS, and McC patterns depends on the shape of the probability that seeds escape predation, , that is,
There is a slight complication, because is in any case P(x) a function increasing up to 1 for very large distances from the source. As detailed in Nathan and Casagrandi (2004) , it is necessary to establish whether, for short to medium distances from the source, is increasing (H), constant P(x) (IS), or decreasing (McC).
Results
In order to examine the effects of IFD and non-IFD predators on seed establishment patterns, we separately study four different classes of the habitat suitability function f that correspond to four different movement strategies. The habitat suitability f can depend on (i) seed density (or intake rate) only, (ii) distance from the plant, (iii) both distance from the plant and seed density, or (iv) both seed density and conspecific abundance.
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Density-Responsive Predators and IFD Movement Strategies
The simplest case of exclusively density-dependent foraging is modeled by a habitat suitability of the form
f(x, t) p g(S(x, t)),
where g(S) is a nondecreasing function of S. Many choices for g(S) are possible, of course, but the following two are the most natural: either g is linear (g p bS, where the positive parameter b represents the animals' sensitivity to variations of resource abundance) or , when forg p w(S) agers are more sensitive to their actual food intake rate rather than the resource abundance per se. In any case, equation (3) for obtaining the stationary spatial distributions of seeds, , and animals, , translates into S(x) N(x) the following ordinary differential equation:
Because is the ratio between a nonpositive numerator ѨS(x)/Ѩx and a positive denominator (recall that the dispersal kernel F(x) does not increase with distance, whereas both w(S) and g(S) do not decrease with seed density), the spatial derivative of the stationary establishment curve cannot be positive, regardless of the values assumed by the parameters and for any location x. Thus, is nonincreasing with x. This has the S(x) important implication that the J-C pattern cannot be generated by purely density-responsive predators. Equation (4) allows us to understand under which conditions the EC pattern, corresponding to IFD predators, can emerge. It is apparent that the spatial derivative of the establishment curve in the proximity of the seed source tends to vanish in the limit of a high ratio, even in /d cases of rapidly decreasing seed dispersal kernels. In fact, high navigation capacity corresponds not to predators that move randomly but to those that completely control their movement by solely responding to higher resource concentration. Note that these characteristics perfectly fit the description of IFD predators.
To better clarify this result, we have performed some numerical experiments. We have assumed specific functional forms for the seed dispersal kernel, the predators' functional response, and the habitat suitability f (g (S)). As for the dispersal kernel, we have used an exponential function of the form
in which a and D represent the total seed output and the mean distance traveled by dispersed seeds, respectively. As for seed predation, we have assumed a Type II functional response (Holling 1959) ,
where a and T h represent the predator searching efficiency and handling time, respectively. The function g(S) has been assumed to linearly depend on S, that is, . From g(S) p bS a technical viewpoint, integrating the ordinary differential equations derived from the full PDE model in order to evaluate the stationary solutions requires very accurate numerical methods. In particular, we have used an explicit eighth-order Runge-Kutta method with automatic control of the step size (Prince and Dorman 1981) .
For low values of the ratio ( fig. 2A) , seed predation /d results in a monotonically decreasing H pattern. Therefore, H patterns may represent the outcome of density-dependent seed predation exerted by animals with limited navigation capacity. As expected, when the level of navigation capacity is increased ( fig. 2B, 2C ), the resulting re-/d cruitment pattern is increasingly similar to the EC pattern. This condition corresponds to predators with very high orientation capabilities and, consequently, might not be very common in nature (table 1) .
The corresponding stationary distribution of seed predators ( fig. 2D ) is very interesting, because there are no predators located farther than a critical distance from the seed source. Therefore, IFD predators may aggregate even if the resource density gradient is continuous. We emphasize that the spatial distribution of predators is not imposed a priori but results from the application of our model. If the landscape included several sparse seed sources (Muller-Landau et al. 2002) , IFD predators would display a clumped distribution because they would congregate around each plant. Also notice that the predators' seed intake is constant over space ( fig. 2D) , as predicted by the classical IFD theory.
Non-IFD Movement Strategies: Purely Distance-Responsive Predators
The simplest mathematical way in which to account for purely distance-dependent predation (sensu Janzen 1970) is to consider the following linear expression for the habitat suitability function: (1) and (2) 
where the positive parameter t is a measure of the attractiveness of the parent plant. Although some authors suggest that response to distance might be nonlinear (e.g., Naef-Daenzer 2000), data confirming the simpler hypothesis made above have already been reported in the literature (Andersson 1981) . However, we remark that the following discussion on the qualitative shape of the resulting establishment patterns is valid for any nondecreasing function of distance h(x), either linear or nonlinear.
It is a matter of algebraic calculation (see again eq.
[3]) to verify that the stationary distributions of seeds over space must, in this case, solve the following ordinary differential equation:
Because the denominator of this expression is always positive, the sign of the spatial derivative of the seed establishment depends only on the sign of the numerator. In particular, a positive derivative of the establishment curve close to the plant is found if
Therefore, purely distance-dependent predation has the power of generating hump-shaped (J-C) patterns. If we F(x)/m left axis), whereas dashed lines indicate the probability that seeds escape predation ( ; right axis). A, with and .
with , , and . C, with , , and . Unspecified parameters
/d p 2 are equal to those specified in figure 2.
use the negative exponential kernel for seed dispersal introduced above, we find that establishment patterns are hump shaped if
On the other hand, the condition provides (see
where is the average distance of predators from q p d/t the seed source. Because
is a decreasing function of the total number of pred-S (0) ators b. Consequently, equation (5) can be satisfied for large b and, in turn, J-C patterns are possible if there is a sufficiently large number of seed predators around the source. It must be remarked that equation (5) is equivalent to the criterion for the identification of J-C patterns proposed by Nathan and Casagrandi (2004) . The advantage of the present analysis is that it explicitly links the average distance q to the predators' movement strategy.
Note that, at equilibrium, purely distance-dependent predators are spatially displaced around the seed source according to an exponential distribution. This result is completely independent of the type of functional response that is actually considered. Therefore, the a priori assumption of negative exponential distribution of predators around the seed source made by previous models (Nathan and Casagrandi 2004; Adler and Muller-Landau 2005) implicitly refers to purely distance-dependent predation and, in particular, to a linear decrease of habitat suitability with distance from the plant. Figure 3A shows the stationary spatial distribution of seeds and predators corresponding to a typical J-C pattern as generated by our model with distance-dependent predation only. Parameter settings that are different from those used in figure 3A and that violate equation (5) can lead to either constant (EC) or monotonically decreasing (H, IS, or McC) patterns. Distance-dependent foraging can in fact explain all the basic families of recruitment patterns, as already shown by Nathan and Casagrandi (2004) .
Mixed Movement Strategies Depending on Both Seed Density and Distance from the Source
The cases examined above are two extremes of a wide spectrum of possibilities, because both distance and density can serve as important environmental cues driving predators' movements. It is thus interesting to explore what kind of patterns can emerge if the habitat suitability takes a mixed form, such as
Note that the choice of using a linear combination of S and x in the formalization of f is just instrumental and is aimed at simplicity. Any function F satisfying the hypotheses introduced in the previous section would produce the same qualitative results. Because the habitat suitability function now contains both density-and distanceresponsive predation as two subcases, all the patterns previously classified can obviously be obtained. However, predator distributions associated with hump-shaped establishment patterns obtained with the mixed habitat suitability function can be quite different from the patterns corresponding to the case of pure distance dependence. In particular, most predators can gather within a critical distance from the plant ( fig. 3B ). This pattern is similar (although not identical) to the clumping in the EC case ( fig. 2C, 2D ). Note that we can identify a threshold in the predators' distribution at the distance where the graph of log changes its slope. Whereas J-C patterns for the N (x) mixed habitat suitability can differ from those of purely distance-responsive predators, the monotonically decreasing establishment patterns are very similar to those obtained with strict dependence on distance. In fact, for the large range of parameter values we have explored, the predators' distribution is quite close to a negative exponential distribution (not shown here).
The resulting patterns for the mixed movement strategies crucially depend on two parameters: the ratio , /d which describes the predators' navigation ability, and the ratio , which defines the relative importance of the t/b density-responsive versus distance-responsive components of mixed movement strategies. Unfortunately, this quantity is not a pure number because it has the units of a seed density divided by a distance (remember that habitat suitability is dimensionless). Therefore, we have decided to perform the analysis by setting both t and d to unity and letting b and vary over four orders of magnitude (from 10 Ϫ2 to 10 2 ). This range of variation turned out to be sufficient to capture all possible patterns. Figure 4 shows that, if the ratio is very small (i.e., t/b if predators are mainly density responsive), no J-C plant recruitment patterns can become established. Figure 4 shows that there is a threshold of the navigation capacity below which the random, diffusive component of /d movement is too significant for seed predation to result in EC patterns. Only if the ratio is sufficiently hight/b that is, if predators are more distance responsive than density responsive-is the McC pattern obtained. The superimposed dotted curves are contour lines of the function , that is, the ratio between the average distance of predq/D ators from the seed source and the average distance traveled by dispersed seeds. We remark that, while D is a parameter of the model, q is not and must be evaluated ex post from the model parameters and solutions because it is the result of the behavioral response of seed predators. It is interesting and important to note that, when q and D have comparable values, the emergent pattern is of the H type, whereas a McC pattern emerges when q is much ). q ! D Therefore, as has already been pointed out by Nathan and Casagrandi (2004) , the ratio between the average distance of predators and that of dispersed seeds from the plant is crucially linked to the emergence of different recruitment patterns. The two distances are of great importance because they can be directly estimated in the field. It is therefore interesting to report the model behavior in the space (q, D). Figure 5 shows the partitioning of this space into the regions corresponding to J-C, EC, H, or McC patterns for different values of the parameter b (i.e., for different sensitivities to seed density in mixed movement strategies). 
Mixed Movement Strategies Depending on Both Seed Density and the Interaction with Conspecifics
We now turn to examining the role of intraspecific interactions among predators. The attraction to feeding conspecifics is known to lead to deviations from the IFD via resource overmatching (see "Plant Recruitment and Predation Patterns"). From a mathematical viewpoint, the effect of conspecifics can be incorporated into the habitat suitability as
where b has the usual meaning and the parameter c can be either positive for social foragers or negative for interfering foragers. Although different choices have already been described in the literature (see Grünbaum and Veit 2003) , a linear relationship between conspecific density and habitat suitability seems to be supported by field data, at least for moderate population densities (Buckley 1996) . Stationary solutions can be found via equation (3), which in this case corresponds to the following differential equation
Because the dispersal kernel F(x) does not increase with distance from the source and the functional response w(S) does not decrease with seed density, hump-shaped J-C patterns are possible only in the case of social predators ( ). Interfering foragers ( ) will always produce c 1 0 c ! 0 monotonically decreasing patterns. Notice that this is rigorously true provided that the spatial derivative of the dispersal kernel is not null in the origin. But in any case, even under this circumstance, the result is still valid in any neighborhood of the origin, where the partial derivative of F(x) is negative. Interestingly, the predator distribution corresponding to a J-C seed recruitment pattern generated by social predators ( fig. 3C ) is clumped. In fact, there exists a limit distance within which predators are displaced ( fig. 3C , bottom) in a way that is similar to the case of mixed distance-and density-dependent movement strategies ( fig.  3B ). This suggests that the clumped predator distributions occurring in J-C patterns may be a general feature and do not depend on a particular movement strategy.
In figure 6 we display the recruitment patterns corresponding to different values of the parameters q and D for different values of the parameter c (i.e., for different sensitivities to conspecific density). We restrict our attention to the case (social foraging), which may result c 1 0 in hump-shaped patterns. Despite the similarity between figures 5 and 6, there is a principal difference between the two: namely, that the latter lacks a region in the parameter space (q, D) resulting in McC patterns (at least for the parameter settings we considered). Furthermore, increasing the predators' sensitivity to conspecific abundance (higher c) leads to a larger region that is characterized by hump-shaped J-C patterns.
Conclusions
In this article we have introduced a spatially explicit model to describe the effects of different movement strategies of foragers on postdispersal seed predation and plant establishment patterns. The role of postdispersal seed predation per se in shaping plant recruitment patterns is widely recognized in the ecological literature (e.g., Nathan and Muller-Landau 2000) and has also recently been explored via mathematical modeling (Nathan and Casagrandi 2004; Adler and Muller-Landau 2005) . However, a deeper mechanistic understanding of this process requires a detailed examination of the behavioral responses of seed predators to the relevant environmental cues. To this end, we have proposed a general formulation of the navigation strategy by which foragers explore their surrounding habitat. This formulation is based on a function that we have called habitat suitability, as in the original work by Fretwell and Lucas (1969) . Our model accounts for both IFD and non-IFD seed predators and is flexible enough to reproduce all the basic plant recruitment patterns found in nature ( fig.  1) . Therefore, it provides the means to link a wide variety of movement strategies to the different vegetation patterns and, in particular, to specify the conditions required for J-C patterns to emerge. This is of special importance because of the hypothesized role of this pattern in the maintenance of species diversity (Janzen 1970; Wright 2002) .
Our main finding is that the J-C seed recruitment pattern cannot be generated by purely density-responsive seed predators ( fig. 2 ). This result has been obtained under very plausible and general assumptions. Also, postdispersal seed predation exerted by IFD foragers (purely density-responsive foragers with no movement limitations, with perfect knowledge of the resource distribution, and no interference from conspecifics or other organisms) can only result in the EC pattern ( fig. 2C ). The abundance of IFD foragers sharply declines at some threshold distance from the seed source ( fig. 2D ). This implies that density-responsive consumers may exhibit patchy distribution even when the resource density gradient is continuous. As IFD seed predators cannot generate a hump-shaped recruitment, J-C patterns represent the most apparent footprint of a deviation from the IFD theory. The two mechanisms tested here that can produce a J-C pattern are attraction to the seed source (distance-dependent predation; fig. 3A , 3B) and to conspecifics (social foraging; fig. 3C ). On the other hand, monotonically decreasing patterns (either H or McC) can be found when density-responsive seed foragers have limited navigation capacity (thus, the random component of movement is not negligible; fig. 2A, 2B ) or, in mixed movement strategies, when predators are more sensitive to actual seed abundance than to other cues, provided that the navigation capacity is high (fig. 4) . Furthermore, in the case of mixed distance-and densitydependent predation, we have verified that, in J-C patterns, the mean distance of seed foragers from the seed source is smaller than that traveled by dispersed seeds (fig. 5 ), as already envisaged by Nathan and Casagrandi (2004) . As for social foraging, we have shown that the J-C pattern is likely to occur when attraction among conspecifics is large ( fig. 6 ). This result fits well with the experimental finding that socially foraging ants generate J-C patterns, whereas individual foragers do not (Avgar et al. 2008) .
The proposed linkage between predators' behavioral traits and vegetation patterns may help to explain the observation that patterns generated by invertebrate seed predators generally conform to the J-C model, whereas those generated by vertebrates do not (Hammond and Brown 1998 and references therein) . Differences in search tactics and resource selection criteria may be the key to understanding such a disparity: in particular, invertebrates are often distance-responsive, specialized seed predators, whereas vertebrates are typically mobile, generalist consumers (Hammond and Brown 1998; Nathan and Casagrandi 2004) . Furthermore, many invertebrates behave as social foragers and make large use of chemosensory cues so as to efficiently share information about resource availability and distribution (e.g., van der Goes van Naters and Carlson 2006). Therefore, our findings provide strong theoretical support for a distinction between the outcomes of seed predation exerted by either vertebrate or invertebrate consumers on the basis of their different foraging strategies.
Our conclusions are expected to be robust because they do not depend on particular functional forms or peculiar parameter settings. Also, all the simulations presented in this article are representative of the behavior of the system for a wide range of conditions. Moreover, the model parameters are easy to interpret and the results are amenable to comparison with empirical data. However, a specific parameterization of the model might not be so easy. Although most of the involved quantities can actually be derived from field experiments, the estimation of others may prove to be difficult.
In particular, dispersal kernels can be fitted with inverse statistical methods (Ribbens et al. 1994; Clark et al. 1998 Clark et al. , 1999 , mechanistic and phenomenological models (Nathan et al. 2001; Katul et al. 2005) , or genetic techniques (González-Martínez et al. 2006) , whereas predators' functional responses can be derived from exclosures studies (see Hulme and Hunt 1999 with reference to seed predation; see also Nathan and Casagrandi 2005) . As for diffusion coefficients, several estimation techniques have been proposed, ranging from the fitting of the resulting normal distribution to the tracking of individual organisms and the computation of population fluxes (as reviewed in Turchin 1998; Okubo and Levin 2001) . Berg (1993) and Murray (2004) provide useful historical framings of the topic, as well as comprehensive discussions of the typical difficulties arising in this context.
In contrast, measuring the directed component of movement (given by the product between the taxis coefficient and the habitat suitability function) represents a difficult challenge, as one would need to resort to suitable "cafeteria-style" experiments (e.g., Busher 1996; Meiners and Stiles 1997) . For instance, the interplay between density-and distance-dependent seed predation could be studied via field trials in which seed predators have to forage over food patches with (i) different resource densities and the same distance from the point of release of predators or (ii) the same resource density and different distances from the point of release of predators. As for social foraging, statistical techniques aimed at assessing the relative importance of resource and conspecific abundances in orienting the predators' movement have recently been proposed in the literature (Grünbaum and Veit 2003) . Extensions of the model are possible in order to add further realism and incorporate new features. In particular, the model could be easily cast in a 2D space and modified to account for seed predators whose focal place of activity is not the seed source (as in the experimental setting used by Avgar et al. [2008] ). The study of these extensions together with the analysis of landscapes with multiple seed sources are important steps that are being explored (L. Mari, R. Casagrandi, and M. Gatto, unpublished manuscript). More realistic and complicated assumptions could be used for the formulation of the habitat suitability function and the description of how consumers actually assess the habitat suitability itself (e.g., to describe predators with complex social interactions). The model presented here is a first step toward a better description and understanding of the processes that lead to plant recruitment. Hopefully, this will yield even greater insight into the mechanisms involved in the crucial problem of biodiversity maintenance.
